Positrons have been used for material analysis not only because of their novel characteristics, such as an ability to detect open-volume type defects in materials, but also because interactions with solids differ from those of electrons in such processes as scattering and diffraction. Monoenergetic positron beams and microbeams were developed in the 1980s, and positron experiments have made progress in material analyses. In this article we review the fundamental technique of microbeam fabrication, especially using a magnetically-guided positron beam, its extension to various analytical methods, and expectations for future research.
Introduction
The positron (e + ), the antiparticle of the electron (e -), was predicted by Dirac in 1930 1 and discovered by Anderson in 1933 . 2 It has the same mass and spin as an electron, but with opposite charge. Positrons injected into a solid lose energy (thermalize) within 1 ps and, after that, annihilate electrons within around 1 ns. In annihilation, two annihilation γ-rays with 511 keV are mostly emitted. In the 1950s, Fermi surfaces of metals were measured by the angular correlation of positron annihilation radiation (ACAR), and in the 1960s, the relationship between defects and the ACAR/positron annihilation lifetime (PAL) was investigated. Positrons are highly sensitive probe for detecting defects in solids, and give information about not only the size and concentration of vacancy clusters, but also the chemical state of vacancies couples with the impurities. [3] [4] [5] Another stream of positron research is to clarify the fundamental characteristics of the positron as a "sub-atomic particle": e.g., the differences between positron and electron scattering processes in solid and gas phases, the formation of a positronium (the hydrogen-like bound state of a positron and an electron), and the interactions between a positronium and other atoms and molecules. [6] [7] [8] [9] Since the 1980s, positron research has progressed due to improvements of experimental techniques (e.g., the generation of monoenergetic positron beams and microbeams).
The generation of monoenergetic positrons and the fabrication of positron microbeams have led to new methods of analysis due to its unique character. Novel analyzing methods using positrons as a probe instead of electrons have been proposed, and some of them have already been realized. In this article, we introduce the generation of positron beams and the fabrication of positron microbeams, as well as their application to material analysis.
Generation of Monoenergetic Positron Beams
In a typical laboratory, a β + -decay radioisotope (RI), such as 22 Na with a diameter of several mm, is usually used as a positron source. The energy distribution of positrons from a 22 Na source is "white" with a maximum energy of approximately 545 keV. 10 The radioactivity of a typical RI source in the generation of positron beams is about 1 GBq (1 × 10 9 /s), but after using a spectroscope to obtain positrons at a desired energy, only about 10 5 positrons/s are utilized, due to a loss of monochromatization.
In 1972, Tong showed that some materials have a negative positron work function. 11 A material with a negative work function spontaneously emits monoenergetic positrons from its surface. Figures 1 and 2 show the positron potential near a surface, 12 and the injected positron behavior in a solid, 13 respectively. The total potential of a thermalized positron φ+ is expressed by Reviews
which is a combination of the positron chemical potential μ+ and the surface dipole layer D. The positron chemical potential μ+ includes repulsion from the ion cores (zero point potential, V0) and a correlation with conduction electrons (Vcorr). The effect of D is negative for positrons, so the work function φ+ becomes almost zero or negative, which allows the reemission of slow, monoenergetic positrons from a surface into vacuum. After white positrons are implanted into a solid target with a negative work function, they thermalize within 1 ps. Some of them diffuse to the surface, and are reemitted. The energy of the reemitted positrons is equal to the absolute value of the negative work function, the preferred emission direction is normal to the surface, and the energy width related to the thermal energy of the lattice is extremely narrow. 14, 15 For example, the work functions of tungsten (W) and nickel (Ni) are -3.0 and -1.0 eV, respectively. The conversion efficiency (the ratio of useable monoenergetic positrons to fast positrons emitted from a 22 Na source) of such materials is ~10 -4 , which is much higher than that obtained by using a spectrometer. A W mesh or a parallel arrangement of W foils has often been used as the target, which is called a "moderator". 16 Solid neon has also been used as a moderator owing to its high conversion efficiency of ~10 -3 , but some epithermal positrons are involved. 17 The efficiency and the positron beam profile also play crucial roles in the development of a remoderator (see next section). To obtain a higher conversion efficiency, it is important not only to develop the way to get rid of defects and surface contaminations from the moderator with a negative work function, [17] [18] [19] but also to optimize the geometry of the positron source and the moderator. 20 The radiation level is very high near a positron source. Monoenergetic positrons emitted from a moderator are extracted, and have to be transported a few meters from the positron source to a lower radiation level area under high vacuum. They are therefore guided by a magnetic field (several tens of Gauss), since the transport efficiency is greater than 90%. High-energy positrons are removed by bending the beam line 18 or by introducing an E × B trochoidal energy filter. 21 Around the world, there are more than 20 positron beam lines, which are called magnetically-guided positron beams. They are applied to the detection of open-volume type defects in materials. The positron energy is generally varied from 0 to 30 kV by applying high voltage to the positron source or sample, and the beam diameter is ~5 mm (same as the diameter of the 22 Na source). The distribution of the injected positrons is described by a Makhovian distribution,
where m = 2 and z0 is given by
where z is the mean implantation depth. At m = 2, Γ(3/2) = π 0.5 /2; z is given by
where ρ is the density (g/cm 3 ), E the positron energy (keV), and n = 1.6. The depth profile of defects is derived from the positron implantation profile and the positron diffusion equation based on the incident energy profiles of the positron lifetime and annihilation γ-rays. As far as the positrons are transported in a magnetic field, the spatial resolution is limited by the size of the positron source with several mm in diameter.
Positron Microbeam Formation
The magnetic field prevents the focusing of positron beams, so that positron microbeam systems, which have been developed so far, were designed to be an electrostatic one. One of the most important problems in forming a positron microbeam is the optics for the brightness enhancement system. A particle beam generally follows Liouville's theorem, which states that the volume of phase space occupied by a beam will be a constant under the influence of a conservative force. The beam brightness B is constant, as quantified by
where I is the beam intensity (particles per second), d the beam diameter, θ the beam angular divergence, and E the beam energy. In scanning electron microscopy (SEM) the electron beam is focused step by step with several magnetic lenses to nanometer size. Greif et al. reduced the size of the 22 Na source to 0.3 mm in diameter by depositing the source onto a non-radioactive support; they achieved a beam size of 20 × 37 μm while utilizing SEM optics. 22, 23 However, the brightness of a typical electron gun with a LaB6 cathode exceeds by a factor of 10 16 that of a positron beam emitted from the combination of a W moderator and a 1 GBq 22 Na source. 24 Therefore, a focusing method using several magnetic lenses is not effective for fabricating a positron microbeam. Due to Liouville's theorem, decreasing the beam size simultaneously increases the beam divergence, and the intensity of the positron beam must be greatly sacrificed. The positron remoderation technique, which employs a negative positron work function, overcomes the limitation of Liouville's theorem. 25 Positrons focused onto a small spot on a solid target (called the "remoderator") are thermalized and diffuse to the surface. They are then reemitted from the target with an energy equal to the absolute value of the work function. The emission direction is normal to the surface and the beam divergence is reduced. Since the positron diffusion length is ~0.1 μm, the size of the positron beam can be preserved in μm-order focusing. The positron beam brightness is enhanced, as summarized by the above-mentioned concept in Fig. 3 .
In the remoderation stage, monoenegetic positrons are injected into the target as the remoderator. Therefore, one can obtain a higher conversion efficiency if the injected positrons can be thermalized within 0.1 μm from the surface of the remoderator. For example, the mean injected depth of 5 keV positrons into a W(100) single-crystal remoderator is several tens of nanometers, and the conversion efficiency is attained to be ~25%. Brandes et al. achieved ~5 μm spatial resolution with an electrostatic lens and two stages of brightness enhancements. 26 Kögel et al. focused the primary beam with a magnetic single pole lens placed behind a remoderator chamber, and ultimately achieved a φ2 μm beam with conventional SEM optics. 24, 27 A reflectiontype remoderator, or W(100) single-crystal block, has been adopted in these systems, because a high-temperature anneal is easy to remove the defects and the impurities involved. However, the reflection geometry requires a complicated optics design, because the positron injection and reemission surfaces are the same.
Transmission Remoderation with a Highintensity Positron Source
In order to solve the substantial problem of a weak primary beam intensity, high-intensity positron source facilities have been developed at some institutes around the world. 28, 29 The intensity of a 1-cm-diameter monoenergetic positron beam from an electron linear accelerator (LINAC) or a neutron reactor is typically 10 7 -10 8 e + /s, 29 whereas the intensity of a positron beam from an RI source is ~10 5 e + /s. By irradiating a tantalum (Ta) or W target with an electron beam of several tens of MeV, Bremsstrahlung X-rays are generated, which convert into electron-positron pairs. Positrons irradiate several W foils and are thermalized. A monoenergetic positron beam emitted from them is transported a few tens of meters to a measurement room with a magnetic field in order to reduce background radiation to an insignificant level. The positrons move along the magnetic field and the magnetic lenses cannot work well, so that the magnetically-guided positron beam must be converted to an electrostatically-guided one. Stoeffl et al. reduced the magnetic field with μ-metal shielding, and focused the beam with a 12-pole deflector lens system, but the optics of the system were rather complicated. 30 Further, since the position of a LINACbased positron beam easily fluctuates, a simple and easily adjustable optical system is preferred. Hence, a remoderator with transmission geometry using a single-crystal thin-metal film has been developed to solve some problems. 18 The optics design is simplified because the positron injecting and reemitting surfaces are different. Moreover, beam focusing with a magnetic lens becomes easier along with beam extraction from the magnetic field. Figure 4 shows a schematic diagram of a microbeam system constructed at Chiba University for a feasibility study. The monoenergetically-guided positron beam is extracted from the magnetic field with an extraction coil, and is focused on the transmission remoderator by a magnetic lens (first focusing). Positrons are thermalized and reemitted from the back surface of the remoderator. The reemitted positrons are extracted and transformed into the electrostatic system using a conventional magnetic lens.
Positrons diverge along the lines of the magnetic force with decreasing magnetic field. After extraction from the magnetic field, a magnetic lens mounted at a suitable position focuses the diverged positrons on the thin foil as the remoderator. Since control of the positron divergence is important for effective focusing of the magnetic lens, the extraction coil was mounted between the final transportation coil and the magnetic lens. 20, 31 The positron beam trajectory is easily adjustable by changing the magnetic field distribution with the current/pole of the extraction coil. Moreover, we can suppress the intensity of the magnetic field at the focal point to be as low as terrestrial magnetism. In this system, extraction from the magnetic field and first focusing are achieved at the same time, and an efficiency higher than 80% is obtained.
A Ni(100) single-crystal thin foil with a thickness of 150 nm was used as a remoderator. The Ni(100) thin foil was annealed at 750 C in a hydrogen atmosphere to remove defects and impurities, and its surface was cleaned by an atomic hydrogen treatment. For a positron implantation energy of 5 keV, a remoderation efficiency of 20% was obtained, and it was still higher than 15% after 24 h of treatment. 32 This system has the following advantages: (i) a versatile method of applicability to magnetically-guided positron beams, (ii) a simple and easy way to perform beam alignment, and (iii) 
Application of Positron Beams 5·1 Positron-annihilation-induced Auger electron spectroscopy (PAES)
In Auger electron spectroscopy (AES), the initial hole in an inner atomic shell is usually produced by collisions with several-eV electrons, and the surface sensitivity of the Auger electrons is determined by their mean free path. In contrast, in positron-annihilation-induced Auger electron spectroscopy (PAES), positrons of a few tens eV implanted into the solid do not induce the Auger process, but some are trapped in a potential well at the surface and annihilate the inner atomic shell electrons, creating core-pore excitations, resulting in Auger electron emmission. 33, 34 According to this principle, PAES examines only the topmost atomic layer. 35 The energy of the implanted positrons is very low, so that no background of secondary electrons is observed in the higher energy range of released Auger electrons. Figure 5 shows the PAES and EAES spectra for a clean Si(100) surface and for Si(100) covered with Cu. 36 The Si L2,3VV-Auger peak of pure Si can be clearly seen in the PAES and EAES results. For the Cu-covered sample, the Cu M2,3VV-Auger transition peak appears in addition to the Si peak. This Cu M2,3VV-transition peak appears more noticeably for PAES compared to EAES, due to the higher surface sensitivity of PAES.
5·2 Low-energy positron diffraction (LEPD)
Applying the well-established technique of low energy electron diffraction (LEED) to slow positrons with energies of less than 100 eV results in the technique of low-energy positron diffraction (LEPD). 16 Since the positron's charge is opposite to that of the electron, the interactions of positrons with a surface are substantially different from those of electrons. Some of the advantages of LEPD over LEED are that the elastic mean free path of a positron is predicted to be 30% less than that of an electron at 50 eV, and 5% less by 100 eV, and that no exchange-correlation term arises in positron-electron scattering. 37 Frieze et al. observed multi-spot diffraction patterns of LEED and LEPD on W(110) with a brightness-enhanced electrostatically focused positron beam (Fig. 6) . 38 The reversal in the left-right peak heights may be due to different intensity-versus-voltage (I-V) characteristics.
LEPD is also a powerful probe for analyzing the atomic geometry of compound semiconductors. [39] [40] [41] Chen et al. applied LEPD to GaAs and InP (110) surfaces, and showed that LEPD can more precisely specify the surface structure than LEED alone. 40 More precise studies of other ordered multi-component surfaces are expected.
5·3 Reflection high energy positron diffraction (RHEPD)
Reflection high energy positron diffraction (RHEPD) is a powerful method for investigating the topmost crystal structure and thermal vibration state. 42 The advantage of RHEPD is the occurrence of total reflection due to a positive crystal potential for positrons. 43 Kawasuso et al. applied RHEPD and RHEED to a Si(111) surface. The observed diffraction spots were reasonably consistent with those for RHEED, but several extra spots were found in the RHEPD results. They concluded that those extra spots in the RHEPD patterns could be due to surface state details, such as the microscopic roughness of the surface.
Later, they compared RHEPD with other techniques, such as scanning tunneling microscope, by studying the surface structures and phase transitions of a quasi-one-dimensional metal-semiconductor system of In/Si(111) 44 and a twodimensional metal-semiconductor system of Ag/Si(111). 42 Figure 7 shows the RHEPD patterns of a Si(111)-√ -3 × √ -3 -Ag surface for temperatures above (293 K) and below (103 K) the phase transition temperature, with a glancing angle of 3.0 and an incident positron azimuth of [112] . 42 The temperature dependences of the diffraction spot intensities are investigated by the surface Debye temperature and phase transition of the inequivalent triangle structure.
5·4 Positron re-emission microscopy (PRM)
Positron re-emission microscopy (PRM) is based on a proposal by Hulett. 45 The positron microbeam is injected to the sample and, after that, PRM forms a magnified image of the reemitted positrons from the surface of the solids with a negative positron work function. If the thermalized positrons can diffuse toward the surface of the solids, they can be reemitted, and a bright image can be obtained. If there are some defects beneath the surface, the positrons are trapped during the diffusion process, and cannot be reemitted from the surface, giving a dark image. It is, hence, meant that the PRM image corresponds to defect mapping.
PRM was first developed by groups from the University of Michigan 46 and Brandeis University, 47 who used reflection and transmission geometries, respectively. Later, a University of East Anglia group 48,49 also utilized a reflection geometry. At first, the magnification of the Brandeis system was 1150×. Subsequently, they reached a magnification of 50000 by using two projector lenses (Fig. 8 ). 50 Figure 9 shows a PRM image of a 150-nm-thick Ni(100) foil with a magnification of 2500× at Brandeis University. 50 The bright part of Fig. 9 corresponds to a relatively defect-free region, and the dark part corresponds to a region in which positrons are trapped in dislocations near surface. Since in principle PRM can detect monovacancies, and has nm-order spatial resolution, the application of PRM to the measurement of defects near the top of a surface is expected.
5·5 Positron probe microanalyzer (PPMA)
A positron probe microanalyzer (PPMA) 20, 31 or scanning positron microscope (SPM) 26 ,27,51 has been developed using the positron microbeams. A sample is scanned by a μm-scale positron microbeam, and the microstructure of the sample is observed. After the positrons are injected into a sample, they are thermalized over a μm-order length, and are trapped into open-volume type defects if they exist. Therefore, the spatial resolution of γ-ray measurements in positron annihilation spectroscopy is physically limited to ~1 μm by the positrons' implantation profile and the diffusion length of thermalized positrons. Any further reduction of the beam diameter from this size would not lead to an enhancement of the spatial resolution.
Two-or three-dimensional distributions of the open-volume type defects can be derived from measurements of the shape parameter (S-parameter) of the γ-ray spectrum and the positron annihilation lifetime. It is also possible to investigate the relationship between the topographic image of a sample and the reflection positron image or secondary electron image. Figure 10 shows a two-dimensional mapping of the mean positron lifetime observed by using an intense pulsed-positron microbeam generated with an LINAC at AIST. 52, 53 Amorphous SiO2 was partially irradiated with a H + ion-beam with a gridmask. In amorphous SiO2 with irradiation, the mean positron lifetime shortens due to an inhibition of positronium formation. In the AIST PPMA system, the positron lifetime was measured with an energy of 7.8 keV, a time resolution of 350 ps, and a beam diameter of a several tens μm. The mean positron lifetime in amorphous SiO2 (the unirradiated bright part) was longer, whereas in the irradiated area (dark part) it was shortened due to the crystal defects generated by ion-beam irradiation. Positron lifetime mapping clearly showed the difference between the irradiated and unirradiated parts. One hour was required for all measurements, which is shorter by a factor of 100 to 1000 than for a measurement utilizing RI. With a reduction in the beam size to ~10 μm and the time resolution to ~250 ps, and an increase in the count rate to a few thousand cps, higher precision data and a shorter measurement time should be realized in the near future.
5·6 Transmission positron microscopy (TPM)
Transmission positron microscopy (TPM), in which fast positrons with energies of a few tens of keV are injected into thin foils (as electrons are injected in transmission electron microscopy (TEM)) and the scattering or diffraction patterns of positrons are observed, has been installed using the positron microbeam optics at KEK. 54, 55 Because of the opposite charge, the positron scattering process is different from that of electrons. It is expected that rather thick samples can be measured at high energy. Figure 11 shows the positron diffraction pattern for a 10-nm-thick film of Au(100) with 30 kV positrons. It can be seen that the diffraction pattern for positrons (the (0 0 2), (0 2 2), and other spots are clearly seen) is similar to that for electrons. Figure 12 shows the 30 kV positron transmission image for a 10-nm-thick foil of Au(100) at a magnification of about 3000×. The dark and bright areas correspond to the Au thin foil and the polymer supporting membrane, respectively. The TPM image can be compared with a TEM image that was obtained by the same apparatus with an electron instead of a positron beam. By comparing TPM with TEM, we are planning to investigate topics, such as the transmittance difference between electrons and positrons for several metal/organic thin foils, and the effect of the atomic number.
Summary
A fundamental technique of positron microbeam fabrication was established in the 1990s, but highly intensive positron sources could not be utilized for it. We have summarized the technique of positron microbeam fabrication, especially using a magnetically-guided positron beam, which is applicable to a linac-based positron source. Several analytical methods have been illustrated and the advantages using positrons have been proven, compared with electrons. With the recent progress in microbeam fabrication, an increase in active positron research is expected. Positrons can be applied not only to the abovementioned probing techniques, but also to various unique fields: the measurement of absorbed molecules by positron-annihilationinduced ion desorption, 56 the study of positron diffusion by positron spin relaxation, 57 and more fundamental research topics, such as inner-shell ionization by positron impact, 58 positronium negative ion (Ps -) formation from a W surface, [59] [60] [61] and the production of antihydrogen atoms by combining antiprotons and positrons. 62 It is promising to obtain higher spatial resolutions and more precise data by utilizing positron microbeams. 
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